Abstract -Insulation coordination is a key problem in UHVDC systems in terms of safety and cost.
Introduction
As China undergoes rapid development, there is a growing demand for power. Therefore, there is an increasing need for higher power transmission capacity and longer transmission distances. To meet this demand, five ±800kV UHVDC power transmission projects have been put into operation. More transmission projects with higher voltage levels of ±1100kV UHVDC are also planned. ; For safe and effective installation and operation, it is important to study their insulation coordination design, the key technology in a ±1100kV UHVDC system.
The study of insulation coordination is fundamental to power transmission projects, as it defines the technical requirements to ensure the safety and economical performance of these power systems. With higher system voltage levels, the insulation coordination design becomes even more important. Particularly for UHVDC transmission systems, with the highest voltage level in HVDC transmission in the world, a sound insulation coordination design not only ensures the project's safety in operation, but also lowers construction costs [1] [2] [3] . A reasonable insulation coordination solution can reduce the insulation requirements of equipment, especially for high-voltage conditions.
Since the development of HVDC transmission systems in the 1950s, valuable contributions to insulation coordination for HVDC systems have already been made, most of which were summed up from operational experiences, and protection devices involved valve type lightning arresters. Since the early 1980s, attention was mainly devoted to digital simulation of surges and the development and application of metallic oxide gapless surge arresters, due to their excellent protection properties. After 1990s, several studies have focused on insulation coordination for these three UHVDC projects [4, 5] . Other studies have discussed different arrester configurations for ±1100kV UHVDC projects [6, 7] .
This study analyzes and compares the insulation coordination of ±800kV UHVDC and ±1100kV UHVDC systems, based on the overvoltage simulation results of 3 typical UHVDC power transmission projects in China: the ±800kV Xiangjiaba-Shanghai UHVDC project, the ±800 kV Yunnan-Guangdong UHVDC project, and the ±1100kV Zhundong-Sichuan UHVDC project.
In this study, we first compare two typical types of insulation coordination within the ±800kV XiangjiabaShanghai UHVDC project and the ±800kV YunnanGuangdong UHVDC project. Next, we discuss key issues in arrester configurations and the insulation coordination of UHVDC systems. Finally, we propose a reasonable insulation coordination solution, as well as principles for ±1100kV UHVDC systems.
The remainder of this article is organized as follows:
Section II presents the arrester configuration for UHVDC systems. Section III introduces the insulation coordination in the ±800kV Xiangjiaba-Shanghai UHVDC project and the ±800kV Yunnan-Guangdong UHVDC project. Section IV discusses the insulation coordination focal points in UHVDC projects. Section V analyzes different arrester configurations for the Zhundong-Sichuan UHVDC project, compared to results from former sections. Finally, section VI provides conclusions.
Arrester Configuration in UHVDC Systems
Overvoltage, especially switching overvoltage, mainly determines insulation coordination. In UHVDC systems, arresters are always used to restrict overvoltage, and arrester configuration is an important part of insulation coordination [8] [9] [10] .
The basic principles of arrester configurations are as follows:
1) The insulation at the AC side of the converter transformer is protected by AC arresters, while the DC side is protected by DC arresters; 2) Some important equipment at the converter station, such as converter transformers, valves, and so on, is directly protected by nearby arresters; 3) For other equipment that is not directly protected by a single arrester, protection can be achieved with several arresters connected in a series; for example, the phase-to-earth insulation of a wall bushing at the valve side of the converter transformer can be protected by arresters connected in a series.
Insulation Coordination in ±800kV UHVDC Systems
This section introduces arrester configurations for the two projects under review: the Xiangjiaba-Shanghai ±800 kV UHVDC project and the ±800kV Yunnan-Guangdong UHVDC project. Based on the arrester configuration and overvoltage simulation results from these two projects, we then propose the calculated protection performance of surge arresters in converter stations. Finally, we present the protection and insulation levels for equipment at these converter stations.
Arrester scheme
Five ±800kV UHVDC power transmission projects have already been completed and put into operation in China. There are two typical arrester configurations in these projects. ABB designed the arrester scheme for the Xiangjiaba-Shanghai ±800kV UHVDC project, and Siemens designed the arrester scheme for the YunnanGuangdong ±800kV UHVDC project. The differences between these two configurations are as follows: in ABB's design, the top of converters (point 5 in Fig. 1 ) is directly protected by arrester CBH, and point 1 is protected by arrester MH and V2 in series. However, in Siemens' design, point 1 is directly protected by arrester A2, and point 5 is protected by arrester CB1A and C2 in a series.
The complete arrester configurations for the two projects are shown in the following figures. Fig. 1 presents the arrester configuration for the ±800kV Xiangjiaba-Shanghai UHVDC project, and Fig. 2 presents the arrester configuration for the ±800kV Yunnan-Guangdong UHVDC project. The terms found within the each figure are defined in Table 1 .
It is evident that the main parts of the arrester 
Differences in arrester configurations for the Xiangjiaba-Shanghai and Yunnan-Guangdong UHVDC projects
The arrester configurations that protect points 1, 5, 6, and 5 to 7 in Fig. 1 and Fig. 2 differ in these two projects, as follows:
Point 1
In the ±800kV Xiangjiaba-Shanghai UHVDC project, the connection bus between the High Voltage (HV) Y/Y converter transformer and the valve (point 1 in Fig. 1 ) is protected by arresters MH and V2 in a series. However, in the ±800kV Yunnan-Guangdong UHVDC project, arrester A2 protects the bus directly.
The advantage of the former is that there is only one arrester (MH), which requires less space in the valve hall and is therefore more economical. However, the downside to this configuration is that the protection level of arresters MH and V2 in a series is higher than that of arrester A2. Thus, the requirement for a converter transformer bus at point 1 is higher. In contrast, the latter's requirement for a converter transformer bushing at point 1 is lower. However, 3 A2 arresters are needed for the 3 phases of the converter transformer. Therefore, more space in the valve hall is required to place these arresters.
In this case, the utilization rate of each A2 arrester is only one third, since the valves are equal in conduction in turns at working time. This rate is lower than that of arrester MH in the Xiangjiaba-Shanghai project. To reduce the protection level accordingly, the CCOV (Crest value of Continuous Operating Voltage) of arrester A2 can be lower, due to the low utilization rate.
Point 5
In the Xiangjiaba-Shanghai project, the top of the upper 12-pulse converter group (point 5 in Fig. 1 ) is directly protected by arrester CBH. However, in the YunnanGuangdong project, it is protected by arresters CB1A and C2 in a series. The former's advantage is that the protection level of the DC bus at point 5 could be lower than in the latter. The shortcoming is that an arrester CBH is needed, requiring more space.
Point 6
In the Xiangjiaba-Shanghai project, the DC bus between the 6-pulse bridges in the upper 12-pulse converter (point 6 in Fig. 1 ) is directly protected by the arrester MH. However, in the Yunnan-Guangdong project, the DC bus is protected by arresters CB1A and V2 in a series. Similar to the description above for point 5, the former's advantage is that the protection level of the DC bus at point 6 could be lower than the latter, and the shortcoming is that arrester MH is needed, which requires more space.
Points 5 to 7
In the Xiangjiaba-Shanghai project, valve arresters in a series protect the two sides of the upper 12-pulse converter group (points 5 to 7). The underlying principle is that at least one valve out of three is in conduction when the converter is working. This means that the protection level of the upper 12-pulse converter group is equal to that of the V11 and V2 valve arresters. In the Yunnan-Guangdong project, arrester C2 protects the converter directly, making the protection level lower than that of the Xiangjiaba project. The system is also in operation through a half-pole mode with the upper 12-pulse converter, which is protected by C2 in the Yunnan-Guangdong project and by CBH in the Xiangjiaba-Shanghai project. In this case, the latter is safer than the former. Again, however, an arrester C2 is needed, which requires more space.
Insulation margin between protection level and insulation level
The protection levels of arresters can be obtained from results of the overvoltage simulation. However, the insulation levels of equipment protected by arresters should be higher than the protection level, in consideration of the 
Arrester of upper 12-pulse converter group insulation performance loss from insulation material burnin, arrester burn-in, weather factors such as rain, fog and moisture, and environmental factors such as pollution and high altitude. Therefore, the required insulation levels of equipment may be obtained by multiplying extra coefficients according to the different equipment and surge types based on these protection levels. Such coefficients are called insulation margin coefficients, and the margin is always expressed in a percentage, called the insulation margin. An evaluation of the insulation margin in each UHVDC system is provided below. An appropriate insulation margin is important to UHVDC systems. Small insulation margins make the system unsafe, but large margins waste manufacturing cost. Therefore, the characteristics of the equipment, as well as the environment in which it is installed, should be taken into consideration.
As a reference, the insulation margins in HVDC systems are listed in Table 2 [11]. In UHVDC systems, thyristor valves are better designed and manufactured, the valve control system is more advanced, and the environment within the valve hall is maintained with more stability than those in HVDC systems. Furthermore, a lower valve insulation level reduces costs for valve hall construction, lowering the valve insulation margin compared to that of HVDC systems. Table 3 lists the insulation margins in UHVDC systems. Tables 4 and 5 display protection levels and insulation levels in the Xiangjiaba-Shanghai and Yunnan-Guangdong UHVDC projects, according to arrester scheme and overvoltage simulation results [12] . 
Protection and insulation levels in XiangjiabaShanghai and Yunnan-Guangdong UHVDC projects

Key Points of Insulation Coordination in UHVDC Projects
From the two typical arrester schemes introduced in section 3, it can be concluded that all valves and every point of junction within converter stations should be protected by arresters, either directly or indirectly. In addition, this protection should consist of no more than 2 arresters.
The higher the insulation level of the equipment, the greater the manufacturing costs, especially for UHVDC systems. Points 1, 5, 10, and 12 are the highest insulation level points in UHVDC systems. The rated voltage at these points is much higher than that of ±500kV HVDC systems. Therefore, insulation levels at these points are the focal points for insulation coordination of UHVDC systems. Overvoltage on these points should be as low as possible so that the insulation level of these points can be much lower.
Moreover, attention should also be paid to points 2 and 6, whose operating voltage is lower than that of those points above, but higher than other points, except for points 1 and 5. Lowering the insulation level of these points also helps reduce equipment manufacturing cost and improves the stability of the UHVDC system. The operating voltages of other points are lower, while the equipment at these points is easier to manufacture than for the aforementioned points in section 4. The rated operating voltage of the neutral bus is the lowest in the UHVDC system. It is always less than 50kV. However, the protection levels of the arresters E, EM EL, E1 and E2 installed on the neutral bus are much higher than the rated operation voltage. This reduces the difficulty of the neutral bus arrester design and raises reliability. When the neutral bus insulation level is lower, it is more easily threatened by overvoltage, reducing its reliability. In contrast, a higher neutral bus insulation level can naturally prevent lower overvoltage, as is the case with a majority of overvoltage cases in operation.
The insulation level of the neutral bus should be appropriately high. This can improve reliability of the UHVDC system, while at the same time limiting the cost of equipment manufacture for the neutral bus.
Once a proper protection level of neutral bus arresters is selected, the most important factor is selection of an arrester's energy capacity to absorb overvoltage energy.
In conclusion, the focal point of UHVDC system insulation coordination is protection for points where operating voltage is higher, such as points 1, 2, 5, 6, 10, and so on. The insulation levels of equipment at these points should be carefully considered and properly designed. Energy capacity design is the most important factor to consider for neutral bus arresters.
Based on this conclusion, the next section details insulation coordination in ±1100kV UHVDC systems.
Insulation Coordination in ±1100kV UHVDC Systems
According to the plan, the Zhundong-Sichuan ±1100kV UHVDC bipolar power transmission project has a rated capacity of 10450 MW, a rated DC voltage of 1100kV, and a rated DC current of 4750A.
Compared with ±800kV UHVDC systems, the rated voltage of ±1100kV systems is much higher, highlighting the problem of insulation level design. This problem then affects the details of insulation coordination design.
Analysis of the Arrester Scheme in ±1100kV UHVDC Systems
To design the arrester scheme, we can first refer to ±800kV UHVDC systems. Based on conclusions in Section 4, Section 5 focuses on the insulation levels of points 1, 2, 5, 6, and 10. Based on arrester configurations of the ±800kV Xiangjiaba-Shanghai and Yunnan-Guangdong UHVDC projects, protection and insulation levels calculation results are listed in Tables 6 and 7 , respectively. It is evident that the protection and insulation levels of ±1100kV UHVDC systems are very high. Furthermore, protection levels are in proportion to the system's rated voltage. Compared to ±800kV UHVDC systems, there are 2 differences in ±1100kV UHVDC systems:
1. The insulation margins in ±1100kV UHVDC systems are lower than those in the ±800kV systems, especially at points 1, 5, and 10. 2. Under different arrester configurations, points 1 and 5 do not share the same insulation levels as the ±800kV UHVDC systems.
As discussed in section 4, the insulation of points 1, 2, 5, 6, and 10 is the key component of the ±1100kV UHVDC systems. It is important to limit the insulation level of these points to as low a level as possible. Table 6 and 7 demonstrate this, as follows:
1. Under the arrester configuration of the XiangjiabaShanghai project, the insulation level of point 1 is higher than that under the arrester configuration of the Yunnan-Guangdong project. This is because there is no arrester installed at point 1 in the former, but there is an arrester (A2) installed at point 1 in the latter. Arrester A2 only endures the highest voltage for about half of the time in a power frequency cycle, but CBH endures the voltage for the full cycle. This means that the protection level of arrester A2 is lower than that of arrester CBH, despite the same CCOV for points 1 and 5. Thus, the insulation level of point 1 with arrester A2 is lower. Point 1 is on the valve side of the converter transformer, so that there are 6 wall bushings. A higher insulation level requirement makes the cost of bushing manufacture higher, especially for such a high voltage level. Furthermore, the stability of this point in the former is lower than the latter because it endures a higher overvoltage. 2. Similar to point 1, under the arrester configuration of the Yunnan-Guangdong project, the insulation level of point 5 is higher than that under the arrester configuration of the Xiangjiaba-Shanghai project. Arrester CBH should protect point 5 directly in order to decrease the cost of wall bushings and increase the stability of the system. 3. Similarly, the insulation level of point 6 under the arrester configuration of the Yunnan-Guangdong project is higher than that under the arrester configuration of the Xiangjiaba-Shanghai project. Arrester MH is also needed in the ±1100kV UHVDC system. 4. Arrester C2 in the arrester configuration of the Yunnan-Guangdong project is useful to protect the upper 12-pulse converter in half-pole operation mode. However, it is not necessary when arresters MH and CBH are installed. 5. The insulation level of point 10 under these two arrester confutations is similar.
In conclusion, in ±1100kV UHVDC systems, points 1, 5, and 10 should be directly protected by arresters. Considering the advantages of these two arrester configurations, the suggested arrester scheme for ±1100kV UHVDC systems can be designed based on the Xiangjiaba-Shanghai project, with arrester A2 added at point 1. This configuration is shown in Fig. 3 .
Comparison of Insulation Coordination in ±1100 kV and ±800kV UHVDC Systems
According to the suggested arrester scheme, the protection and insulation level calculation results of key points 1, 2, 5, 6, and 10 in the ±1100 Zhundong-Sichuan UHVDC project are listed in Table 8 . Table 8 shows that the suggested arrester scheme reduces the protection and insulation levels of point 1 and point 5. Therefore, it makes the system more economical and stable.
Compared with the insulation coordination of ±800kV UHVDC systems, ±1100kV UHVDC systems require a more complex arrester scheme and a more thorough coordination principle. The key recommendations for this insulation coordination are that the points enduring the highest voltage in the system should be separately protected by special arresters. However, in ±800kV UHVDC systems, the points that endure the highest voltage can be protected by other arresters indirectly to lower the cost of arresters and reduce the space needed for arresters in the valve hall. In other words, in ±1100kV UHVDC systems, the key recommendation for insulation coordination is to lower the insulation level of points that endure the highest voltage. However, in ±800kV UHVDC systems, this scheme with arreseter A2 added reduces the cost of arresters' manufacture and space occupation in the valve hall with an acceptable insulation level.
Conclusion
In this work, we compared two types of typical insulation coordination used in ±800kV UHVDC systems Fig. 3 . Suggested arrester scheme in the ±1100 kV Zhundong-Sichuan UHVDC project and proposed that the key recommendation for UHVDC system insulation coordination is to protect the points where the operating voltage is higher, such as points 1, 2, 5, 6, and 10, and so on. Finally, we proposed a reasonable insulation coordination solution as well as principles for ±1100kV UHVDC systems. The points that endure the highest voltage in the system should be separately protected by special arresters. In terms of the insulation coordination of ±800kV and ±1100kV UHVDC systems, it can be concluded that in ±1100kV UHVDC systems, the key goal of insulation coordination is to lower the insulation level of points that endure the highest voltage. However, in ±800kV UHVDC systems, the key goal is to reduce the cost of arrester manufacture and space occupation in the valve hall with an acceptable insulation level. Although the arrester scheme for ±1100kV systems is more complex and requires more thorough coordination, it is no less attainable.
